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Isthmic organizerThe lack of the Hes1 gene leads to the failure of cranial neurulation due to the premature onset of neural
differentiation. Hes1 homozygous null mutant mice displayed a neural tube closure defect, and exencephaly
was induced at themid/hindbrain boundary. In themutantmesencephalon, the roof plate was not formed and
therefore the ventricular zone showing cell proliferation was displaced to the brain surface. Furthermore, the
telencephalon and ventral diencephalon were defective. Despite the severe defects of neurogenesis in null
mutants, the mesencephalic dopaminergic (mesDA) neurons were speciﬁed at the midline of the ventral
mesencephalon in close proximity to two important signal centers — ﬂoor plate and mid/hindbrain boundary
(i.e., the isthmic organizer). Using mesDA neuronal markers, tyrosine hydroxylase (TH) and Pitx3, the
development of mesDA neurons was studied in Hes1 null mice and compared with that in the wild type. At
early stages, between embryonic day (E) 11.5 and E12.5, mesDA neurons were more numerous in null
mutants than in the wild type. From E13.5 onward, however, the cell number and ﬁber density of mesDA
neurons were decreased in the mutants. Their distribution pattern was also different from that of the wild
type. In particular, mesDA neurons grew dorsally and invaded the rostral hindbrain. 5-HT neurons were also
ectopically located in themutant midbrain. Thus, the loss of Hes1 resulted in disturbances in the inductive and
repulsive activities of the isthmic organizer. It is proposed that Hes1 plays a role in regulating the location and
density of mesDA neurons.meda).
l rights reserved.© 2011 Elsevier Inc. All rights reserved.Introduction
Hes genes are basic helix–loop–helix (bHLH) transcription factors
that are essential effectors of Notch signaling, which regulates the
maintenance of progenitor cells and the timing of their differentiation
in various tissues and organs (Kageyama and Ohtsuka, 1999). In the
nervous system, Hes genes are crucial for generating the correct
numbers and full diversity of neurons and glial cells by maintaining
neural stem cells until later stages (Hatakeyama and Kageyama, 2006;
Hatakeyama et al., 2004). Hes1, a member of the family of Hes genes,
represses the expression of proneural bHLH factors such as Mash1 and
neurogenin (Ngn) 2, acting as a negative regulator of neuronal
differentiation. Mice deﬁcient in Hes1 display neural hypoplasia,
which is attributed to accelerated neuronal differentiation (Ishibashi
et al., 1995). The defective morphogenesis of the neural tube and
exencephaly are caused in Hes1 null mutants.
The isthmic organizer, which is located at the mid/hindbrain
boundary, expresses secreting molecules such as Fgf8 and Wnt1(Partanen, 2007). Furthermore, Hes1 is persistently expressed at high
levels by isthmic cells (Baek et al., 2006). In Hes1 and Hes3 double
mutant mice, isthmic organizer cells prematurely terminate the
expression of Fgf8 and Wnt1, resulting in early differentiation into
neurons (Hirata et al., 2001). Thus, Hes genes are involved in the
formation of isthmic cells and regulate the development of the
midbrain and anterior hindbrain.
During development, distinct classes of neurons are speciﬁed in
precise locations along the dorsal–ventral and anterior–posterior axes
of the neural tube. Mesencephalic dopaminergic (mesDA) neurons
develop in the ventral midbrain in close proximity to two important
signaling centers in the embryonic neural tube — the ﬂoor plate and
the mid/hindbrain boundary (i.e., the isthmus) (Prakash and Wurst,
2004). Shh expressed along the ventral neural tube and Fgf8, which is
locally produced at the mid/hindbrain boundary, create induction
sites for dopaminergic neurons in the midbrain (Ye et al., 1998). Hes1
expression is detected in mesencephalic ﬂoor plate cells at E9.5 and
maintained until E11.5 (Ono et al., 2010).
MesDA neurons are anatomically divided into three main sub-
groups (see Ang, 2006 for review). Neurons in the substantia nigra
pars compacta (SNc) mainly project to the dorsolateral striatum and
form the nigro-striatal pathway. Neurons in the ventral tegmental
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ventromedial striatum, as part of the mesocortical limbic system. The
degeneration of the nigro-striatal system induces the Parkinson's
disease, one of the most common human neurological disorders.
Dysregulation of DA transmission in the limbic system is linked to
psychiatric and affective disorders. The factors involved in the
generation, differentiation and survival of mesDA neurons during
development have been studied extensively owing to their involve-
ment in neurological disorders. The generation of mesDA neurons
from neural progenitor cells is regulated by the combined expressions
of certain transcription factors including Otx2, Foxa1, Foxa2, Lmx1a,
Lmx1b, Engrailed 1 (En1), Engrailed 2 (En2), Msx1, Msx2, Ngn2 and
Mash1 (Ang, 2006; Ferri et al., 2007; Prakash and Wurst, 2006; Smits
et al., 2006). Loss-of-function studies in mice have revealed roles for
Nurr1 (Zetterström et al., 1997), Lmx1b (Smidt et al., 2000), Pitx3
(Smidt et al., 2004), En1/2 (Simon et al., 2001), and Foxa1/Foxa2
(Ferri et al., 2007) in the late differentiation and maintenance of these
neurons. The Pitx3 gene, belonging to the Pitx subfamily of paired-like
homeodomain proteins, is required for the terminal differentiation of
the SNc subpopulation of mesDA neurons (Smidt et al., 2004). Ngn2
has also been shown to be the key proneural gene regulating the
neurogenesis of mesDA progenitors in themidbrain (Kele et al., 2006).
A closure defect of the cranial neural tube is a characteristic
phenotype of Hes1 null mutants. Exencephaly and the loss of ventricles
are seen in null mutant embryos (Akimoto et al., 2010a,b). Thus,
abnormalities in the mesencephalon, diencephalon and telencephalon
are induced in Hes1 null mutants. At present, however, little is known
about thedevelopmentofmesDAneurons inHes1nullmutants inwhich
midbrain morphogenesis is defective. In this study, the phenotypes of
mesDA neurons in Hes1 null mutant mice were analyzed using two
markers for mesDA neurons — tyrosine hydroxylase (TH) and Pitx3. In




Wild-type, heterozygous, and homozygous Hes1 mice were
obtained from intercrosses of Hes1+/− mice, which were maintained
on a CD1 background (Ishibashi et al., 1995). The Hes1+/−mouse was
supplied by Prof. R. Kageyama. E0.5 was designated as noon on the
day that a copulation plug was identiﬁed. Mouse genotypes were
obtained by PCR analysis using previously described primers
(Ishibashi et al., 1995).Fig. 1. A and B. Comparison of the head of wild-type (+/+, A) and homozygous Hes1 null mu
of exencephaly (arrow).The specimens were ﬁxed in Bouin's solution or 8% paraformal-
dehyde (PFA) in phosphate buffer (PB) overnight, embedded in
parafﬁn and then serially sectioned along the frontal and sagittal
planes at a thickness of 5 μm. For frozen sections, the specimens were
ﬁxed in 4% PFA for 2 h. Selected sections were stained with
hematoxylin–eosin to determine the morphological orientation.
Immunohistochemistry
Immunohistochemical staining was performed using the
streptavidin–biotin-peroxidase method, as previously described
(Kameda, 1995). The following primary antibodies were employed:
rabbit polyclonal antibodies to tyrosine hydroxylase (TH)(Chemicon, El
Segundo, CA; 1:100 dilution), Pitx3 (Invitrogen, Camarillo, CA; 1:50
dilution), 5-HT (serotonin) (Chemicon; 1:1000 dilution), Otx2 (Abcam,
ab21990, 1:200 dilution), protein gene product (PGP) 9.5, (Dako,
Carpinteria, CA; 1:200 dilution), and the monoclonal antibody TuJ1
that recognizes the neuron-speciﬁc class III β-tubulin isotype (Berkeley
antibody company, Richmond, CA; 1:500 dilution) and the Mash1
monoclonal antibody (BD Biosciences; 1:100 dilution). Furthermore,
proliferating cells were examined using the proliferating cell nuclear
antigen (PCNA) monoclonal antibody (Dako, pre-diluted) and an
antiserum against phospho-HistoneH3 (Ser10) (Upstate Biotechnology,
Temecula, CA; Santa Cruz Biotechnology; 1:100 dilution), a mitosis
marker.
Quantitative analysis
To compare the numbers of TH-immunoreactive cell bodies and
Pitx3-positive nuclei of mesDA neurons in each genotype, the ventral
mesencephalic area including mesDA neurons in the frontal sections
was photographed in Hes1 null mutants and littermate wild types at
E12.5, 13.5 and E15.5. Images of photographed TH- and Pitx3-positive
neuronswere digitized using a digital camera system (Olympus, DP70,
Tokyo) attached to an Olympus AX80 microscope. Morphometric
quantiﬁcation was performed usingWinRoof Image software (version
5.5; Mitani Corp., Fukui, Japan). The numbers of TH-immunoreactive
cells and Pitx3-positive nuclei were assessed automatically by color
binarization, as described previously (Chisaka and Kameda, 2005).
Three sections were analyzed bilaterally for each animal, and the
highest value obtained was utilized to estimate the number of DA
neurons for every single animal. At least four animals per genotype
were analyzed at each stage for quantiﬁcation. Results were expressed
as means±SEM. Differences were assessed by a Student's t-test and
considered statistically signiﬁcant at Pb0.05.tant (−/−, B) littermate mice at E15.5. The null mutant embryo exhibits the phenotype
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Neural tube closure defect in Hes1 null mutant mice
In wild-type embryos, the neural tube was formed by the proper
elevation and fusion of the dorsal neuroepithelial folds. In homozy-
gous Hes1 null mutant mice, the neuroepithelium remained to be
everted, resulting in a closure defect of the cranial neural tube.
Therefore, exencephaly occurred at the forebrain and midbrain
boundary (Figs. 1A and B) and dramatic brain malformations were
induced; the forebrain did not develop properly, the ventral
diencephalon collapsed in most cases, and the dorsal midbrain did
not form. In spite of the defect in midbrain morphogenesis, mesDA
neurons formed in most of the Hes1 mutants.Fig. 2. A–J. Serial frontal sections of themidbrain of wild-type (+/+, A–E) andHes1 null muta
eosin (A, F) or immunostained with the PCNA (B, G), TuJ1 (C, H), phospho-Histon H3 (D, I)
midbrain is expanded laterally and its proliferation zone is located at the brain surface. TH-im
the wild type. NT, neural tube. Higher magniﬁcation of boxed area in A and F is shown in D an
D, E, I, and J.Development of mesDA neurons in Hes1 null mutant mice
The development of mesDA neurons in Hes1 null mutant mice in
comparison with that in wild-type mice was analyzed by immuno-
cytochemistry with an antibody to tyrosine hydroxylase (TH), the
rate-limiting enzyme in DA synthesis. The antibody to Pitx3 which
was coexpressed with TH in mesDA neurons was also used for
analysis.
In wild-type mice at E11.5, mesDA neurons expressing TH
emerged in the basal midline region of the developing ventral
mesencephalon (Fig. 2E). The wild-type midbrain wall consisted of
two well-developed layers — the ventricular zone and the outer layer
(Fig. 2A). The ventricular zone displayed the proliferating cells that
were immunoreactive for PCNA (Fig. 2B). Furthermore, Mash1, ant (−/−, F–J) mice, respectively, at E11.5. The sections were stained with hematoxylin–
, and TH (E, J) antibodies. In the null mutant showing a neural tube closure defect, the
munoreactive mesDA neurons (arrow) are more numerous in the null mutant than in
d E, I and J, respectively. Scale bars, 280 μm in panels A–C and F–H, and 170 μm in panels
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ventricular zone (not shown). Cells immunoreactive for phospho-
Histone H3, a mitosis marker, were concentrated at the surface of the
ventricular zone (Fig. 2D). Markers for postmitotic neurons such as
TuJ1 and PGP 9.5 were conﬁned to the outer layer where TH-positive
mesDA neurons were located (Fig. 2C). In the absence of the Hes1
gene, neural differentiation occurred precociously, resulting in the
accelerated generation of mesDA neurons. The mesDA neurons at
E11.5 were more numerous in null mutants than in wild-type
embryos (Fig. 2J). The ventricular cavity did not form in null mutants
owing to the neural tube closure defect. The mesencephalon without
the cavity was broadened laterally and thinned (Fig. 2F). The PCNA-
and H3-positive proliferating cells were found at the surface of the
mutant midbrain (Figs. 2G and I). Furthermore, Mash1 was expressed
in the surface zone (not shown). Thus, in Hes1 null mutants, theFig. 3. A–I. Serial frontal sections of the midbrain of wild-type (+/+, A–D) and Hes1 n
hematoxylin–eosin (A, E) or immunostainedwith theMash1 (B, G), PCNA (F), TH (C, H), and
in the null mutant. In the wild type, TH- and Pitx3-positive mesDA neurons are distributed p
tube. Higher magniﬁcation of boxed area in A and E is shown in C and D, H and I, respectivproliferation zone lay on the surface of the midbrain. TH- and Pitx3-
positive mesDA neurons were located underneath the midline surface
region in the mutant mesencephalon which appeared to be partially
disrupted (Fig. 2J, data not shown). TuJ1- and PGP 9.5-positive cells
also lined up under the surface zone (Fig. 2H).
In wild-type embryos at E12.5, mesDA neurons immunoreactive
for TH extended their processes vertically near the ventricular zone
(Figs. 3A and C). TH-positive ﬁbers were relatively tightly fasciculated
in the developing midbrain at this stage. The localization of Pitx3
immunoreactivity was restricted to the nuclei of mesDA neurons
(Fig. 3D). In Hes1 null mutants at E12.5, TH- and Pitx3-positive
neurons were widely distributed in the midline area of the thinned
midbrain (Figs. 3E, H and I). The surface zone exhibiting PCNA- and
Mash1-positive proliferating cells remained thin (Figs. 3F and G), in
contrast to the thickening ventricular zone of wild-type embryosull mutant (−/−, E–I) mice, respectively, at E12.5. The sections were stained with
Pitx3 (D, I) antibodies. In contrast to the thick neuroepithelium in the wild type, it is thin
erpendicularly, whereas in the null mutant, they are extended transversely. NT, neural
ely. Scale bars, 280 μm in panels A, B, E–G, and 170 μm in panels C, D, H, and I.
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underlying the midbrain was markedly increased in the mutants
compared to wild-type embryos (Figs. 4A–D). The midbrain was
elongated along the expanding cephalic ﬂexure space, and therefore
the distribution of mesDA neurons was also extended in the anterior–
posterior direction in null mutants (Fig. 4D).
In wild-type embryos at E13.5, the mesencephalic wall became
thick, especially in the ventral part (Fig. 5A). TH- and Pitx3-positive
DA neurons in the ventral tegmental area (VTA), which were oriented
perpendicular to the ventricular surface, were well-developed in the
ventral midline (Figs. 5B and C). In addition, mesDA neurons began to
accumulate in a more lateral position, forming the substantia nigra
compacta (SNc) (Fig. 5B). In Hes1 null mutants at E13.5, the
mesencephalic wall was still thin, resulting in the short perpendicular
extension of TH- and Pitx3-positive neurons (Figs. 5D–F). Further-
more, mesDA neuronswere sparsely distributed inmutants compared
to wild types.
In wild-type mice at E15.5, the distribution patterns of TH- and
Pitx3-positive cells in the SNc and VTAwere similar to those inmature
animals (Figs. 6A and B). In addition, axons of the medial forebrain
bundle (mfb)whichwas recognizable as ﬁbers running rostrocaudally
in the lateral margin of the hypothalamus became obvious, and then
the TH-ﬁbers extended to the striatum (Figs. 7A and B). In Hes1 null
mutants at E15.5, the phenotypes of mesDA neurons varied from
individual to individual, because the thickness of the midbrain wall
was variable and the diencephalon and telencephalon were defective
to different degrees in each animal. In most cases, mesDA neurons
were loosely distributed in the surface region of the thin midbrain
(Figs. 6D and E). In cases in which part of the ventral diencephalon
remained, the medial forebrain bundle, extending downward toward
the hypothalamus, was detected (Figs. 7C and D). Thus, the nigro-
striatal projection remained partially in the less-affectedmutantmice.
In general, however, mutant projection pathways severely deviatedFig. 4. A–D. Serial sagittal sections of the midbrain of wild-type (+/+, A, B) and Hes1 n
hematoxylin–eosin (A, C) or immunostained with the TH antibody (B, D). In the null mutant,
The distribution area of TH-immunoreactive mesDA neurons (arrow) is elongated in the
hindbrain boundary. H, hypophysis; NC, nasal cavity; and OC, oral cavity. Higher magniﬁcatio
A and C, and 280 μm in panels B and D.from those in wild-type embryos. In a few cases, the medial forebrain
bundle and ﬁbers projecting to the striatum ran along the brain
surface, i.e., the ﬁbers did not descend downward (Figs. 7E–G).
Quantiﬁcation of TH- and Pitx3-positive mesDA neurons
The numbers of TH-immunoreactive cell bodies and Pitx3-positive
nuclei in the midbrain were measured in frontal sections of wild-type
andHes1nullmutant embryos at E12.5, E13.5 andE15.5 (Figs. 8A andB).
At E12.5, the number of TH-immunoreactive neurons was signiﬁcantly
higher in the mutants (400±21, Pb0.001) than in wild-type embryos
(206±17). However, at E13.5, the number of TH-immunoreactive
neurons in mutant mice was reduced by 47% of that in wild-type
embryos (393±42 in the mutants; 830±53 in the wild-type embryo,
Pb0.001), and at E15.5 by 56% (677±28 in the mutants; 1217±31 in
thewild-type embryo, Pb0.001). Thus, the lack of theHes1 gene caused
a conspicuous reduction in TH-immunoreactive neurons in the
midbrain at E13.5 and E15.5.
At E12.5, the number of Pitx3-expressing nuclei was more
numerous in null mutants (328±81) than that in wild-type embryos
(258±27), although a signiﬁcant difference was not observed
(P=0.15). At E13.5, however, the number of Pitx3-positive nuclei
was signiﬁcantly lower in null mutants (483±54, Pb0.0001),
compared with that in wild-type embryos (648±42). Similarly, at
E15.5, the number of Pitx3-positive nuclei was lower in null mutants
(730±190, Pb0.05) than that in wild-type embryos (935±84).
Defective isthmic organizer in Hes1 null mutants
In wild-type mice at later stages of fetal development, the tightly
fasciculated mesDA neurons were located rostrally close to the mid/
hindbrain boundary (Figs. 9A and B). In null mutants, mesDA neurons
were loosely bundled and their distribution was not restricted by theull mutant (−/−, C, D) mice, respectively, at E12.5. The sections were stained with
the ventricles (V) are absent and the cephalic ﬂexure space (CFS) is markedly enlarged.
exencephalic brain tissue of the null mutant. Arrowhead indicates the midbrain and
n of boxed area in A and C is shown in B and D, respectively. Scale bars, 500 μm in panels
Fig. 5. A–F. Serial frontal sections of the midbrain (MB) of wild-type (+/+, A–C) and Hes1 null mutant (−/−, D–F) mice, respectively, at E13.5. The sections were stained with
hematoxylin–eosin (A, D) or immunostained with the TH (B, E), and Pitx3 (C, F) antibodies. In the wild-type mouse, mesDA neurons exhibit intense immunoreactivities for TH and
Pitx3, and the SNc is distinguishable from the VTA. In the null mutant, the mesDA neurons immunoreactive for TH and Pitx3 are distributed sparsely at the brain surface. HB, Hind
brain; and NT, neural tube. Higher magniﬁcation of boxed area in A and D is shown in B and C, E and F, respectively. Scale bars, 280 μm in panels A and D, and 200 μm in panels B, C, E,
and F.
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the mutants was signiﬁcantly broader than that in wild-type embryos.
Although somemesDAaxons extended caudally even inwild-typemice,
a substantial number of the axon bundles grewdorsally and invaded the
hindbrain in null mutants (Fig. 9D). In heterozygous Hes1 mice with
closed neural tube, i.e., showing normal brain structures, many TH-
immunoreactive neurons were distributed in the rostral hindbrain
(Fig. 9F). Pitx3-positive nuclei also extended into the hindbrain (Fig. 9E).
5-HT neurons are present as a series of cell groups in the wild-type
hindbrain, which can be separated into rostral and caudal divisions, a
vast majority of which are locatedwithin the Raphe nuclei (Fig. 6C). In
Hes1 null mutants, ectopic serotonergic neurons were detected in the
midbrain (Fig. 6F).Otx2 expression in Hes1 null mutant mice
In wild-type mice at E11.5, Otx2 expression was restricted to the
forebrain and midbrain, i.e., the brain regions rostral to the isthmic
organizer. At E12.5, however, Otx2 was also expressed in the
hindbrain (Figs. 10A and C). In Hes1 null mutants at E11.5 and
E12.5, the expression patterns of Otx2 were similar to those in wild-
type embryos (Figs. 10B and D). From E13.5 onward, in wild-type
embryos, the concentrated expression of Otx2 was detected in the
mesDA neurons (Figs. 10E–G). However, in null mutants, Otx2 was
expressed in only a few mesDA neurons immunoreactive for TH and
Pitx3 (Figs. 10H–J).Discussion
A deﬁciency in the Hes1 gene results in the failure of cranial
neurulation due to the premature onset of neural differentiation
(Ishibashi et al., 1995). The accelerated neuronal differentiation and
concomitant depletion of neural precursor cells induced the charac-
teristic phenotypes in the brains ofHes1 null mutantmice. Themutant
embryos exhibited a closure defect of the cranial neural tube, leading
to exencephaly. Furthermore, the skull vault was missing, uncovered
brain tissue was degenerative, and the ventricles were absent or
defective. Closure of the neural tube is essential for normal
development of the brain (Copp et al., 2003). The closure defect
causes the disruption of the dorsal–ventral patterning of the neural
tube. In the midbrain of Hes1 null mutants, the roof plate was lacking
and the ﬂoor and basal plates expanded laterally and underwent
thinning. In particular, only the ventral midbrain formed and the
proliferation zone corresponding to the ventricular zone of wild types
was localized at the brain surface. Thus, midbrain morphogenesis was
abnormal in Hes1 null mutant embryos.
MesDA neurons develop in the ventral midbrain in close proximity
to two important signaling centers in the embryonic neural tube— the
ﬂoor plate and the isthmic organizer (Prakash andWurst, 2004; Smidt
and Burbach, 2007). Shh is normally expressed in the ﬂoor plate of
Hes1 null mutants at E9.5 (Baek et al., 2006). Wnt1 and Fgf8 are also
expressed normally in the mutant isthmic organizer at E10.5 when
speciﬁcation of the midbrain and anterior hindbrain occurs (Hirata
et al., 2001). Thus, the early expression of transcription factors that are
Fig. 6. A–F. Frontal sections of the midbrain of wild-type (+/+, A–C) and Hes1 null mutant (−/−, D–F) mice at E15.5. The sections were immunostained with the TH (A, D), Pitx3
(B, E), and 5-HT (C, F) antibodies. TH- and Pitx3-immunoreactive mesDA neurons are condensed in the ventral midbrain in the wild type. However, they are sparsely and widely
distributed at the brain surface in the null mutant. In the wild type, the distribution of 5-HT-immunoreactive neurons is restricted to the hindbrain (HB). In the null mutant, however,
5-HT neurons (arrows) invade the midbrain (MB). Scale bars, 280 μm.
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Hes1 null mutant embryos.
Despite the severe defects in neurogenesis, mesDA neurons were
generated in themidbrain ofHes1 nullmutantmice. At E11.5 and E12.5,
mesDAneurons immunoreactive for THand Pitx3weremore numerous
in themutants than in thewild types. However, the proliferation zoneof
the mutant midbrain, which was located at the brain surface, was
already thin at E12.5. In the thin midbrain of null mutants, mesDA
neurons expanded laterally but could not develop vertically; a dorsally
truncated VTA formed. Thus, the distribution patterns of mesDA
neurons in the mutant midbrain were different from those in wild
types. In wild-type embryos, mesDA neurons immunoreactive for both
TH and Pitx3 progressively increased in number with age. In Hes1 null
mutants, however, there was a signiﬁcant decrease in the mesDA
neurons at E13.5 and E15.5, comparedwith the respectivewild types. In
particular, there was a conspicuous reduction in TH-immunoreactive
neurons. The decrease of mesDA neurons may be attributable to the
decrease of neuronal progenitors in Hes1 null mice with a very thin
midbrain neuroepithelium.
In wild-type embryos, mesDA neurons were located rostrally in
close contact with the mid/hindbrain boundary. In Hes1 null mutant
embryos, however, TH-positive neurons were widely distributed in
the midbrain and many TH neurons grew caudally and invaded the
rostral hindbrain. Even in heterozygote mice exhibiting normal brainstructure, many TH-immunoreactive neurons were distributed in the
rostral hindbrain and Pitx3-positive nuclei were also detected in the
hindbrain. Thus, the ectopic expression of DA neurons is due to the
loss of Hes1 and not epiphenomenal to other gross changes in brain
structure. It is proposed that Hes1 is involved in regulating the
number and location of mesDA neurons during development. Like
DA neurons, 5-HT neurons arise from ventral neuroepithelial
progenitors in proximity to the ﬂoor plate (Goridis and Rohrer,
2002). The rostral cell group is located just caudal to the isthmus.
The development of 5-HT neurons, like that of mesDA neurons,
depends on the previous patterning of the neuroepithelium by Shh
signaling and, for the rostral cells, on FGF signaling. The ectopic
expression of 5-HT neurons was detected in the midbrain of Hes1
null mutants. Thus, in the absence of the Hes1 gene, the isthmic
organizer is not fully functional. In Sp8-deﬁcient mouse embryos in
which overgrowth of the mid/hindbrain is induced, a posterior shift
of the isthmic organizer occurs and mesDA neurons expand in the
rostral hindbrain (Griesel et al., 2006).
The position of the isthmic organizer determines the location and
size of mesDA neurons and hindbrain serotonergic cell populations
(Brodski et al., 2003). At the onset of somitogenesis, Otx2 is expressed
directly rostral to the isthmic organizer, whereas Gbx2 is expressed
directly caudal to it. The expression border between Otx2 and Gbx2
deﬁnes the position of the isthmic organizer (Puelles et al., 2003;
Fig. 7. A–G. Serial sagittal sections of the brain in a wild-type mouse (+/+, A, B) and Hes1 null mutant mice (−/−, C, D; E–G), respectively, at E15.5. The sections were stained with
hematoxylin–eosin (A, C, E) or immunostained with the TH (B, D, F), and Pitx3 antibodies (G). In the wild type, mesDA neurons extend the medial forebrain bundle (mfb) and then
extend ﬁbers to the striatum (S). In null mutants, the medial forebrain bundle and ﬁbers to the striatum are detected, although their projection pathways deviate from those of wild
types. Pitx3 immunoreactivity (arrow) is localized in mesDA neurons only. CB, cerebellum; DC, diencephalon; H, hypophysis; MB, midbrain; MC, metencephalon; TC, telencephalon;
and VDC, ventral diencephalon. Scale bars, 700 μm in panels A, C, and E, 500 μm in panels B, and D, and 350 μm in panels F, and G.
Fig. 8. A and B. Quantiﬁcation of (A) TH- and (B) Pitx3-immunoreactive mesDA neurons in wild-type (□) and Hes1 null mutant (■) mice (at least n=4 per genotype at E12.5, E13.5,
and E15.5, respectively). Data represent means±SE. *Pb0.05, ***Pb0.001, and N.S. (no signiﬁcant difference) versus wild-type, as assessed by Student's t-test.
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Fig. 9. A–F. Serial sagittal (A–F) sections of the brain in wild-type (+/+, A, B), homozygous (−/−, C, D), and heterozygous (+/−, E, F) Hes1mice, respectively, at E15.5 (A–D) and
E13.5 (E, F). The sections were stained with hematoxylin–eosin (A, C) or immunostained with TH (B, D, F) or Pitx3 (E) antibody. MesDA neurons of wild types are located rostrally
close to the mid/hindbrain boundary (arrow). In the null mutant, TH-immunoreactive neurons are widely distributed in the hindbrain (HB), indicating a defective isthmic organizer.
In the heterozygote mouse exhibiting normal brain structure, both TH- and Pitx3(arrowhead)-immunoreactive neurons also invade the hindbrain. IV, fourth ventricle; CFS, cephalic
ﬂexure space; H, hypophysis; LV, lateral ventricle; MB, midbrain; NC, nasal cavity; and VDC, ventral diencephalon. Scale bars, 700 μm in panels A and C, 280 μm in panels B and D,
140 μm in panel E, and 180 μm in panel F.
99Y. Kameda et al. / Developmental Biology 358 (2011) 91–101Vernay et al., 2005). Otx2 is required for the establishment of the
mesencephalic ﬁeld and controls proliferation and differentiation of
mesDA progenitors (Omodei et al., 2008). In mouse embryos at mid-
late gestation, Otx2 expression is restricted to a relevant part of the
VTA and excluded from the SNc (Di Salvio et al., 2010). In Hes1 null
mutants at E9.5 and E10.5, Otx2 and Gbx2 are normally expressed in a
complementary pattern along the anterior–posterior axis and the
position of the isthmic organizer does not deviate from that of wild
types (Hirata et al., 2001). Thus, the roles of Otx2 and Gbx2 in early
embryogenesis to deﬁne the border between adjacent compartments
appear to be maintained in Hes1 null mutants. At E12.5, Otx2 was
expressed in the hindbrain in addition to the midbrain and forebrain
in each genotype. At later stages of development, in wild-type mice,
the Otx2 expression was condensed in the mesDA neurons. In null
mutants, however, Otx2 was expressed in only a few mesDA neurons
immunoreactive for TH or Pitx3.
In wild-type mice, mesDA neurons extend their axons rostrally to
innervate diencephalic and telencephalic targets. Fgf8 derived from
the isthmic organizer regulates the growth polarity of mesDA axons
along the rostrocaudal axis by inducing sema3F (Yamauchi et al.,2009). In Hes1 null mutants, later developmental functions such as
axon growth and projections to targets were partly retained when
defects in the diencephalon and telencephalon were moderate.
However, their pathways deviated from those in wild types. Thus,
Hes1 located in the isthmic organizer appears to regulate the rostrally
directed growth of axons from mesDA neurons and to delineate the
rostral nonpermissive/repulsive territory of 5-HT neurons. The
abnormal axon projections of mesDA neurons may be caused by
malformations of the diencephalon and telencephalon, in addition to
defects in the isthmic organizer and axon guidance signaling.
Pitx3 is known to be essential for the ﬁnal step of the
differentiation of mesDA neurons. The Pitx3 gene is induced at the
same developmental stage as TH, at E11.5, in the mouse midbrain and
continues to be expressed in adulthood (Smidt et al., 2004). Mutations
in the Pitx3 gene have been found in the spontaneous mouse mutant
aphakia, which is characterized by small eyes without a lens (Rieger
et al., 2001). In aphakiamutantmice, the formation of the SNc subﬁeld
at the onset of DA neuronal differentiation is defective and projections
to the caudate putamen are selectively lost (Smidt et al., 2004). Lmx1b
−/−mice fail to induce Pitx3 in TH-positive DA neurons (Smidt et al.,
Fig. 10. A–J. Sagittal (A, B) or serial frontal sections (E–G, H–J) of the brain inwild-type (+/+, A, E–G) andHes1 null mutant (−/−, B, H–J) mice, respectively, at E12.5 (A, B) and E14.5
(E–G, H–J). Higher magniﬁcation of boxed area in A and B is shown in C and D, respectively. The sections were immunostained with Otx2 (A, B, G, J), TH (C, D, E, H) or Pitx3 (F, I)
antibody. At E12.5, expression pattern of Otx2 in the null mutant is similar to that in the wild type. At E14.5, Otx2 expression is concentrated in the mesDA neurons in the wild type.
In the null mutant, however, only a few Otx2-immunoreactive nuclei are localized in the mesDA neurons. Arrow indicates the mid/hindbrain boundary. CFS, cephalic ﬂexure space;
HB, hindbrain; and MB, midbrain. Scale bars, 300 μm in panels A–D, and 200 μm in panels E–J.
100 Y. Kameda et al. / Developmental Biology 358 (2011) 91–1012000). Thus, the subtypes may be present in mesDA neurons. In Hes1
null mutants, Pitx3 was coexpressed with TH in mesDA neurons
during development. In parallel with the decrease in TH immunore-
activity, the number of Pitx3-positive nuclei was reduced in null
mutants at E13.5 and E15.5. Pitx3-positive cells, however, were less
affected by the absence of the Hes1 gene than TH-immunoreactive
neurons.
Proneural bHLH genes such as Mash1 and Ngn2 are expressed
within the ventral zone of the mouse midbrain (Kele et al., 2006).
Ngn2 is important for the directing the fate of mesDA progenitor cells
(Andersson et al., 2006). The loss of Ngn2 impairs the differentiation
of mesDA neurons (Andersson et al., 2006; Kele et al., 2006). On the
other hand, the loss of Mash1 normally has no detectable effect on DA
neuron development, although it partially rescues the generation of
mesDA neuron precursors in the absence of Ngn2 (Kele et al., 2006).Hes1 maintains neuronal precursors by repressing the expression of
proneural genes such as Mash1 and Ngn2. In themidbrain of Hes1 null
mutants, the Mash1-immunoreactive proliferation zone was thin,
compared with that in wild-type embryos. It remains to be analyzed
whether Hes1 mainly regulates Ngn2 expression during the neuro-
genesis of mesDA progenitors.
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